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CH^TBR 1 


INTRODUCTION 


1.1 INTRODUCTION 

Explosive welding is a solid state welding process 
wherein coalescence is affected by hi^ velocity impact produced 
by a controlled detonation. The chief advantage of explosive 
welding process is that dissimilar metal combinations can be 
welded. Explosive welding has come to play an in^ortant role in 
many industries [1] such as - Aerospace (all explosively wrided 
honeycomb). Transportation (explosively welded hi^ speed reac- 
tion rail), Chanical process (clad veneers of expensive metal on 
low Carbon steel, fabrication of heat exchangers) , Petroleum 
(bimetallic tubing and collar cladding pip el ines) , Shipbulding 
(hi^ strength Aluminiimi to steel transition plates). Nuclear 
(clad fuel ducts, plugging of defective tubes) , Cryogenic (fabri- 
cation of transition joints). Mining (explosively welded Copper 
grounding devices). Aircraft (wire reinforced Aluminiimi). 

1.2 DBVELOPMELTT OP EXPLOSIVE WELDING 

Explosive welding was noticed during the first world 
war, when hi^-velocity pieces of shaipnel free the disintegra- 
tion of metal casing of ^ells of bembs were observed to stick 
to steel stanchions or other metal surfaces. It was Carl [2] 
who performed experiments with two half -hard brass shims with the 
h^P of a booster charge of hi^ detonation velocity and noted 
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welding under hi^-veLocity impact for the first time. He also 
observed poorly foimed interfacial waves between two shims. 

In late 1950s several research workers started investi- 
gating the process of explosive wading for commercial applications. 
Simultaneously various theories about wave formation at the inter- 
face and selection procedure of wading parameters were proposed. 
Philipchuk [3] noted explosive welding in 1957 and recognised its 
value as a commercial tool by filling a patent application. Other 
early research workers in the fi^d were Davenport and Duvall 
(1961), Cowan and Holt zm an (1959, 1964), Tardif (I960), Holtzman 
and Rudershausen (1962), Boes (1962), Wills and Murdie (1962), 
Polaclyko and Williams (1964), Baron and Costello (1963), Reinheart 
and Pearson (1962), Bahrani and Crossland (1964) and Addison et 
al. (1963). 

1.3 MECHAHISI4 OP EXPLOSIVE WELDIEG 

Explosive Wielding is achieved by placing an explosive 
charge in contact with one or both of the components. On detona- 
tion a pressure pulse' is produced which impaxts hi^ velocity to 
the components. Oxide layers on the surfaces of the ccmponents 
are thus removed by the impact and, thereby, virgin surfaces are 
exposed for the bonding to take place. 

The basic setup for explosive welding is ^own in Pig. 
1(a). (Hie flyer plate and base plate are initially set apart by a 
distance known as stand-off gap 6. The explosive is separated from 
the upper surface of the flyer plate by a thin buffer plate of 
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rubber, cardboaxd or cork -which protects the top surface of the 
flyer plate frcm aaj damage due to detonation of explosive charge. 
When, the charge is detonated, a detonation, -wave propagates throu^ 
the explosive charge at a velocity iHie impulse produced by 

the detonation, front gives a velocity Vp to the flyer plate, which 
continues to move with this velocity until it impacts the parent 
plate. From Fig. 1(b) it is clear that effective an^e of inci- 
dence p between the impacting bodies is scmewhat greater than 
initial an^e a [4]. It is noted from Fig. 2 that 1lie flyer plate 
collapses in such a fashion that it ^pears to be hinged at point S 
at every instant. At the stagnation point S, the pressure is 
extrem^y hi^ as ccmpared to the shear strength of the material 
so that the two materials can be considered as irrviscid fluids [5j. 
The flyer plate divides into two jets as shown in Fig. 2(a) (i) 
salient or main jet (ii) a re-entrant jet. The re-entrant jet 
contains not only the contaminated layer of the flyer plate, but 
also the surface layer of the parent plate. Thus the two virgin 
plate-surfaces come in contact under hi^ pressure resulting in 
welding. Various researchers have shown experimentally that re- 
entrant jet is actually formed in explosive welding resulting in 
a loss of wei^t of the plates after collision [5]. 

Various v^ocity components can be written from Fig. 

1(c) as [4] 


Vp cosa 
V^ - Vp sina 


tan p 


CD 



4 


V cosa 

Y = — £ 

S' ninp 


( 2 ) 



(3) 


where 

Vp = Velocity of the flyer plate 

Vp = Detonation velocity of the explosive 

Vp = Velocity of flyer plate r^ative to the point of impact 

V^ = Velocity of collision point relative to the base plate 

p = effective angle of incidence 
a = initial an^e of incidence 

Velocity ccmponents for parallel arrangement can be written 
by putting a = 0 in the above expressions. Fig. 2A. 

The inclined set-up is necessary only -sdien the effective 
angle of incidence, p, becomes less than 4^ ^ [4]. This occurs when 
hi^ detonation v^ocity explosives are used. 

1.4 WELD INTERFACES 

The parameters effecting the explosive welding process 
are ; Explosive charge and its detonation velocity Vp, stand-off 
gap 6, initial an^e of incidence a, and properties of iiie flyer 
plate. 
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Depending upon controlling parameters for welding, 
nature of the welded interfaces [6] may he 

(a) Strai^t or direct bond. 

(b) Wavy interface. 

(c) Unifom layer .of solidified melt, 

Ihe following advantages of a wavy interface were pointed 
out by Davenport [7]. 

(i) the waves increase the total area of contacting 
surfaces by several times and expose a larger 
surface on the plates which subsequently bcm.d under 
pressure. 

(ii) very hi^ strains in the thin surface layers greatly 
increase the mobility of the atoms and dislocations 
in these layers. 

(iii) the waves provide a sort of mechanical interlocking 
between the two contacting surfaces. 

Hay [8] concluded that the maxim-urn shear strength of the 
weld corresponds to the wa-vy interface. In the case of strai^t 
bond there are often areas of no bonding, while in the extranely 
turbulent regime beyond the condition of wave fonnation, the ^ear 
strength decreases, due to the foimation of continuous m^ted metal 
zones [6]. But sanetimes a direct interface may esdiibit equally 
hi^ str^gth as that obtained by a wavy interface [9j« Bahr^i 
and Crossland [10] pointed out that ‘waves act as interlocking 
serrations* in the i^ear tests but they further stated that *the 
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w^ds with, taller interfacial waves give better results in 
tension tests and also in the bend test, whereas it was noted 
that larger waves produce stress concentration and sometimes 
are responsible for cracks', 

1.5 EXPLOSIVE WELDISG OP TUBE TO TUBE-PLATE 

The possibility of welding cylindrical surfaces was 
recognized a.s early as 1962, when Holtzman and Rudershasuen[llj 
used implosive and explosive systons for producing duplex tubing. 
Other early researchers in the field of duplex tube wading were 
Doherty and Knop [12] v Blazynski and Dara [13]- But the first 
useful application of explosive wading of cylindrical surfaces 
was that of tube to tube-plate welding which was first recognized 
by Crossland et al. [14]. 

The main use of the technique is in the manufacturing 
of heat- exchangers, where several tubes are to be fixed in a plate. 
At present, heat exchangers are mainly produced by roll bonding 
or conv^ enticnal welding of the ends of the tubes to the plate* 

These methods usually end up wiida various deficiencies. Roll 
bonding often gives a function strength which is insufficient for 
the pressure, toiiperature and vibrations prevailing in many work- 
ing situations. Conventional wading is limited by the fact that 
the weld length is actually no greater than the thickness of the 
tube wall. Tube to tube-plate welding of dissimilar metal combina- 
tions used in a number of applications involving coirosive or 
radiative fluids is difficult to achieve by the convehticnal 
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processes. Explosive welding offers a me-thod of welding over 
most of tile contact area. 

Tube to tube-plate welding can be done by three different 
arrangements as shown in Fig. 3. In the inclined process (Fig. 3(a)) 
patented under the name YMpact, welding can be obtaiined with either 
hi^ or low detonation velocity explosives. An alternative set-up 
(Fig. 3(b)) suggested by Bahrani et al. [15] uses a point charge 
of either high or low detonation velocity explosive, which gives 
rise to a spherical bulge in the tube which, when it impacts the 
wall of the hole in the tube-plate, causes an oblique impact on 
either side of the bulge, fhis produces two zones of welding with 
an area of no bonding directly under the bulge where normal impact 
occurs. The last arrangOTent (Fig. 3(c)) is the parallel tube to 
tube-plate set-up proposed by Grossland et al. [14], which is 
effective only with a low detonation velocity explosive. Various 
velocity ccsnponents involved in the explosive welding of tube to 
tube-plate are shown in Fig. 4. 

1.5.1 Selection of Parameters for Tube to Tube-Plate Welding 

Crossland and Williams [l6] proposed a series of welding 
parameters which formed the basis of the experimental programme 
related to cladding flat surfaces. For tube to tube-plate welding, 
they suggested that the following conditions should be satisfied 
[17]. 
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(1) Tlie ratios ^e less than unity, 

so that the tube can achieve its required iapact velocity just 
before the impact, where Vggj, and Vg^ are the sonic velocity in the 
tube-plate and tube respectively. 

(2) The effective an^e of incidence, p, should exceed s<xne 
critical value below v^iiich it appears that the thickness of material 
stripped frem the surfaces during impact is probably insufficient 

to raaove the contaminant film, i, e. , angle p dictates the thickness 
of the surface material which is forced into the jet, Shribman et 
al. showed that the amplitude of interfacial waves formed in 

explosive wading daould be greater than the surface rou^ness of 
the plate. Bahrani raid Crossland showed that the amplitude of 
the waves increase with p upto 10-20°, hence it was concluded that 
the minimum value of p is also dictated by surface rou^ness. 

(3) There appears to be a minimum value of impact v^ocity, V^, 
for any given material combination being welded, which d^ends on 
the stronger of the two material, little infoimation in available 
to establish a relaticnship between the critical velocity and static 
mechanical properties. 

(4) The stand-off gap 6 should be at least equal to half the 
tube wall thickness. Fy taking stand-off gap as one-quarter of the 
tube wall thickness, it was found that the weld becomes unacceptable 
unless the explosive charge -is increased. This shows that if the 
stand-off gap is too Email the velocity imparted to the tube before 
it in^acts the tube-plate is too aDaall. Usually the stand-off gap 
is kept inbetween half the wall thickness and wall thickness^ 
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(5) There is a maximum value of surface rou^mess which can 
le tolerated above i-iiich w^d heccffies unacc stable, as stated in 
(2) also. 

(6) Qlie wold surfaces should be free from any contaminants 
such as water, oil and grease. 

Thou^ these welding parameters are not precise but they 
give sufficient infoimation to enable the determination of charge 
wei^t approximately. 

1.5.2 Tube Bulging 

Bulging of the tube behind the tube-plate is one of the 
major problons arising in the wading of tube to tube-plate. Since 
tube to tube-plate welding is a confined process, a very hi^ pro- 
portion of the pressure built-up due to a single asplosion in the 
bore of the tube will dissipate into the nearest lower pressure 
region in front of the tube— plate. This results in an increased 
pressure at the front of the tube-plate which diverts a hi^er 
proportion of energy along the length of the tube and thus causes 
bul^ng behind the tube-plate [18]. With parallel arrangement, 
where length of the wold is greater than that of inclined arrangoiient, 
bulging of the tube becomes more severe. Bulging weakens the tube 
material and restricts the use of the process to low pressure 
applications. Sometimes due to bulging micro cracks appear on the 
tube, which may cause leakage of the fluid flOTid.ng throui^ the tube. 

Various researchers have studied the phencmanon of tube 
bulging under hydrostatic internal pressure. Since explosive wading 
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is a contact operation explosive working process, the dynamic 
pressure is at least ten times hi^er thr-n that normally encoiantered 
in static loading [19]. Duffey and Krapp [20] studied the dynamic 
plastic response of a submerged cylindrical contaiwinent vessel. 
However their work cannot he directly applied to tube- to tube-plate 
explosive welding, w-icre the behaviour of the shock front .and 
response of various points on the tube behind the face of the tube- 
plate needs to be kncvna to estimate tube bulging. 

1.5.3 Distortion of fd.j oining Holes 

In the tube to tube-plate welding, another limitation is 
posed by the distortion of tlie holes adjoining a hole in which a 
tube is being explorivoly welded. The distoi-tion for a given explo- 
sive charge is related to ligament thickness, i. o. , distance between 
two adjoining holes i" a tubo-pl-ato. If the distortion is suffi- 
ciently large to coxa o r--, roductior in the hole diameter of the 
adjoining hole, the rcsultiiig redu-:tion in the stand-off gap could 
very seriously affect the quaJLity of the weld lidien a tube is welded 
into the adjoining .acle. In order "'-o use tubo-plate face Sirea. 
economic ally, it is ocsential to use minim-um ligarcont thickness [21]. 
ligament thickness is governed by tho impact energy of the tube 
striking the tube-plare. An increase in the tube wall thickness 
requires an increase i;.a the explosive charge to impart necessary 
tube velocity and interfacial pressure for welding, which in tum 
increases the impact energy of the tube necessit : i.fcg thicker 
ligsanent [22]. 
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In order to sdve the above problan Williams and Grossland 
[21] have done considerable work. They welded seven hole array 
tube~plate simulation with variable ligament thickness as proposed 
by Shribman et al. [25] so that information about distortion of 
adjoining holes could be foiand for six ligament thicknesses in one 
test. Ihey checked the validity of the sioniLation by carrying out 
a number of tests on tube to tube-plate welding by varying the 
ligament thickness. Ihey concluded that ligament distortion depends 
upon the kinetic energy of the explosion. They did most of the 
work on triangular pitching of tubes (^daich houses a greater density 
of tubes per unit area of tube-plate) and plotted distortion of the 
adjoining hole versus ligament thickness at various energy levels, 
and preposed the following relationship; 






^ 1/2 

i5/2 


( 4 ) 


where AR 
(E/o) 


f 


D 

t 

I. 


= radial distortion of the adjoining hole, mm 
= constant for a particular tube-plate material 
= representatii^stress for the tube-plate 

O 

material, MW/n 

= density of the tube material, kg/m"^ 

= inpact v^ocity of the tube, m/sec 
= tube diameter, mm 
= tube wall thickness, mm 
= ligament thickness, mm 
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Shey propo-jed a desiga procedure to calculate centre line 
spacing with permissihle distortion of the adjoining hole so that 
stand-off gap in the adjoining hole should at least he half the 
tube wall thickness. 

1.6 CBJECOTE 01 KID PRSSEITT INVESTIGATIOH 

In order to carry out welding of tube to tuhft-plate, it 
is essential that the tube bulging should not exceed acceptable 
liiaits. Since little information is available on the tube bul.ving 
due to a cylindrical cborge, it is proposed to study the phenanancn 
experimentally. Experiments are also proposed to study ligament 
d iiit orti on. 

The details of the experimental investigations are prcvidei 
in the next chapter. 
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FIG. 1 INCLINED ARRANGEMENT FOR EXPLOSIVE WELDING. 







Fie. 2A PARALLEL ARRANGEMENT FOR EXPLOSIVE WELDING 
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F»G.3 COMMON CONFIGURATIONS FOR EXPLOSIVE TUBE TO TUBE PLATE 
WELDING, (a) Parallel arrangement (b) Inclined arrangermnt 
(c) Point charge system with spherical expansion 

1 sTubeplate 2= Tube 3= Explosive charge 4 s Detonator 
5 = Detonation front 6 = Buffer 





FIG.4 GEOMETFPr OF COLLAPSE FOR TUBE TO TUBEPLATE 

WELDING . Vf = Flyer plate (tube )ivelocHy relative to 
point of impact. a Detonation velocity * * Radial 

velocity. Vw = Velocity of weld propagation . taDeto- 
natlon front. 


GHiJPa?lF. 2 


iSP EivIiiEIH-AL IITVESTI&ATICTi 


2.1 INTRODITCTION 


Tub e t o tul- e--p?i. t 
parallel arrangement, :gx;p 


ci welding experiisents are done by n'iaing- 
eriffient.s arc carried out by welding; 


copper tabec to mild ctccl tabe-pla.tes by varying the position, 
quantity, fiixd geom€;ti’y of the charge. I'be bulging of the tube is 
ir^oasured. Exp or im elite tre also carried cut cn multi hole tost 
specimens to study li.yrasnt distortion for variable ligament thick- 
ness. 


Ultrasonic t 


sting procedurGS is established to check the 


soundness of the wall;'. 


C cviia eric i-l 


5"v / : 
.1' 


>'■30^ Nitro^ycerin (C^K^N^Og) explosive is 


used in granu3-ar fort 
cal/gn and 1.4 fjE/'em^ 
explosive is 2500 ;ra/r' 


with calorific v;0.U(.. and the density as I486 
respectively. The d f,toii.ation velocity of tho 
t:c, Theu^^. the duicnal'icn velocity of the 


explosive varies with thickness paid deru-;it;>» oi the explosive, how- 
ever, in the present investigation the yver-age value of • detonation 
velocity is taken. RPrUTO exploder and I.C.I, ITo. 6 oLectric detona- 
tor az'e used. Miler .'.'.hcet wrapped to cy'^i'cdrical form is used as 
buffer between tube lUid tube-plate. 

2.2 DETAILS OP E3Q?ER3MEJIT 

Following sets of experiments are done : 
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SKT “ A 


VAJR.lAi’.I.S.C:IiJlGE PO,SI‘i;IOH TES'i'G. 


Void ill/: "by kooping the quantity of the charge same and 
changing its position relative to the front end of -the tuhe-plate 
using solid charge. 

SET -B : VARIABLE CHAliGE WBlGIiT TESTS. 

Voiding hy keeping the charge position same (determined 
throng SET - A) relative to the front end of 'the tuh e-plate, and 
changing ths quantity of the charge — (1) using solid charge and 
(2) using hollow charge. 

SET - C t MULTI HOLE VARIABLE LIGAMEITT T:iICliI^ESS TESTS. 

V/elding in the central hole of the multi hole specimen 
having variahl e ligracent thickness. In addition to Oepper, Stain- 
less steel ti’hes are also used in this tost. 

The ahovo eets are described below in detail.^ 

SET - A s VARIABLE CJ'AftGB POSITION TESTS 

Preparation of tuo e-plates ; 

Tube-plates are prepared vrith the dimensions shown in 
Big. 5(a). Hole diameter of 32.2 mni is chosen so that the resul- 
ting stand-off gap is equal to tube wall thickness. 
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Preparation of tubes ; 

fubes of reouired leng-tb are cut, and its outer surface 
is carefully marked to measure bulge after welding (Pig, 5(b)). Tbe 
tubes are cleaned with snery paper to reaove any contaminant on 
the outer surface. 

Calculation for charge weight ; 

To achieve sijccessful welding, charge wei^t and confi- 
guration is chosen such that all the requirements of different 
c onditions listed in Section 1,5.1 are satisfied. 

The impact velocity is k^t higher than the minimum 
velocity needed to weld copper tube to mild steel tube-plate, 
i. e. , hi^er.than the range of 300-320 n/sec. [4]. 

Tube impact velocity is given by Gurney’s equation [24] 

^ j ^ <5) 


where 



R = 


energy /unit mass of explosive 
into mech.-anical work. 


“r + 


which 


is 


converted 

( 6 ) 


= mass of explosive/unit length, 
m^^ = mass of tube/unit length, 
nig = mass of buffer/unit length. 

n = factor accounting for the losses and its value 
ranges from 0.22 to 0,26 [25]* 
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TiBLE-l. ViElABLE CHARGE POSITION TESTS 


CHARGE WEIOIT = 9.25 gjns. 


EZPT. 

NO. 

(mm) 

L^- 

(mm) 

(mm) 

RESULT 

1. 

25 

55 

75 

Bulge with 

1 ongitudinal 
crack. 

2. 

55 

45 

65 

Very small 
bulge near the 
tube-plate face. 

5. 

45 

55 

55 

No bulge. 

4. 

55 

25 

45 

No bulge. 

5. 

65 

15 

55 

No bulge. 


5 
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■liie effectiv--, bxipXo of incidence p' ir. calculated using 
velocity diagram for parallel arranganent (f’ig?. 4(b))* It is 
ensured tiiat p is alt-rays greater than 4° [4]. It is checked that 
the ratios are. less than unity. Sample calcula- 

tions are given in ATroondt^c-A. 

Prep.aration of charge pack ; 

iiiler sheet is cut to size and then wrapped on a perspex 
rodj to get the required di..'‘ensions shOvrn in Fig. 6(b). One 
perspex cop is glued at one end, the required explosive charge is 
rammed into the miler sheet tube and, another cap with a hole in 
the center- to accomodate the detonator is inserted. 

Table 1 gives the details of the esrperiments done by 
changing' the position of the charge (Pig. 6(a)) keeping the charge 
weight 9-25 gas. 

'The diameter of bulged tube is measured at the previously 
marked cir-olss at intervals of 5 mm frora 'the ba^ck end of the tube- 
plate. The bulging .in terms of radi;al strain represented as 
In (-- -4 ^"-) , where Is. D = amount of bulge, D = oilginal diameter 

jJ 

of the tube, is T)lotted against axial distance in Pig. 7. 

Bulged tube (BJCpt. No. 1) is shox-m in Pig. 8. Tube with 
longitudinal crack is shown in Pig'. 9. 

SPT - B : VARIAHLB CHARGE WEIGHT TESTS 
(l) Using solid charge : 

The results of the experiments of SET-A show that there 
is no bulging of the 'vabe when the distance of the back face of 
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TlBLE-2 VARIABLE CHARGE ¥EIQIT TESTS (SOLID CHARGE). 


EXBT. 



X 

TOTAL WT. 

RESULT 

HO. 

J± 


OF CHARGE 



(mm) 

(mm) 

(mm) 

(gms) 


6 

25 

75 

70 

32. 25 

Back end of the 


tube sheared off, 
and the tube-plate 
got a longitudinal 
crack. 


Back end of the 
tube sheared off, 
and no crack in 
tube-plate. 


7 


45 


55 


50 


23.10 
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the charge fran the ba.c.h end of the tube-plate, L^, is neater 
than or equal to 45 mnj, Hovrever bulginf: occurs for less than 45 
;T;a, .und bi.^lging is liirited to a length of 55 cim for extreme cases 
when is equal to 25 mm. therefore expericients in SB!?-B(l) are 


designed to ensure bulging with back face of the charge at a 
maximum distance of 45 mm from the back end of tho tube-plate 
(Pig. 10) . Charge qi^antity is increased by increasing length of 
the charge keeping the front face of the charge at the same 
position for all cacos, thereby, decreasing!^. Since the mass 
per unit length of ilic charge is same as that of SEl-A, informa- 
tion listed in ’calculation for charge wei^it’ for successful 
welding applies to 3?.I‘~B(l) also. Pig. lOA. 

SxperimentsP. -ietails are given in Table 2 (Pig.lO). 

It is noted from the results (Table 2) that back end of 
the tube sheared off in both the experiraents, even though the 
conditions listed in Section 1,5.1 are sp.tisfied. This clearly 
shows that not oifLy tho mass per unit length cf the charge but 
the totral quantity of ci’.-ai’go should also be considered for success- 
ful welding. To get successful weld, the quantity of the charge 
is reduced by using bellow charge. 


Cracked tube^-olate (Bxpt.^JTo. 6 ) and back ond of. the tube- 
plate (showing signs of sheared off tube) are shown in Pig. 11 . and 


Pig. 12. 
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TiffiLE-3 ViHIiffiLE CHiJRGE WEIGHT TESTS (HOLLOW CHARGE ) 


EXPT. 



X 

TOTAL WT. 

RESULT 

HO. 


OP CHARGE 



(mm) 

(mm) 

(mm) 



8 

45 

55 

50 

12.5 

No bulge. 

9 

40 

60 

55 

13. 6 

No bulge. 

10 

35 

65 

60 

14.8 

No bulge. 

11 

30 

70 

65 

16.0 

Bulge occurs 
■with a thin 
longitudinal 
crack in the 
tub e-pl at e. 

12 

25 

75 

70 

17.3 

Bulge occurs. 
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Using hollow c}i:irge : 

fig. 13 ( 2 .) sh-Cn-js tile arraxLg’ement used with hollow cliar^'e 


(I'ig. 15 (h)). I'he li'.ck face of the charge is kept at 


t a distance 


of I- . = 45 frotn the back end of the tube-plate, '.-ind oharge 

urL 

quantity is incre-aoec by ir,crea.sing the length cf the charge as 
done in S3f-B(l)* By making the cl;.arge hollow, the total impact 
eiicrg;/ is reduced, ho>rever it is ensured that the impact velocity 

f 

Y is £;ireater than the minimum required, 

'The details of the experiments a,re given in Table 3. 

■The diameter of the bulged tube is measured ad; the 
prtjviously marked circles at intervals of 2,5 mn from the back 
end of the tube-plato. The bulging interns of radial fetx*ain 
represented as ln( — , is plotted against axial distance 
(Pig. 14). 

Bulged tubes (Sxpt, So. 11 and 12) are shown in Pig, 15 
..md 16. Tube-plato with a thin longitudingj. crack is shouxi in 
X ig* 1 / . 


SET - C : MULTI HQI.E VABIABLI LIliiMBHT THICfUBSS TESTS 


Hulti hole varirllc ligament thicki:.i;ss tube-plates as shown 
in Pig. 13 are prepared. Capper and stainless steel tubes are cut 
to sise (Pig. 19 (a)). Outer surfaces of t>ie tubes are cleaned to 
z'cmove aiiy contaminocts. Charge packs, with dimensions o,s shown 
in Pig. 19 (b) , are xxropared in a siojilar majmer as for SET- A. . It 
Is ensured that vario>AS conditicJfis listed in Section 1,5.1 are 
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satisfied for successful welding. Copper and stainless steel 
tubes are welded in the central hde of two identical tub expiates. 
Radial distortion of the adjoining holes (fik R) is measured and 
is plotted against ligament thickness, Rig, 20, 

Mijlti-hole tube-plate with distortion of adjoining hole 
when a tube is welded in the central hole is shovrn in Rig, 21, 

2.5 ULlRASOinC ThSflllG ^ 

The pulse-echo method of ultrasonic non-destructive 
testing is used to check the soundness of the w^ded specimens. 
Ultrasonic flaw detector - URD 6255 [26] is used to detect any 
appreciable discontinuity or inhcmogeneity of ^asticity or 
density in the specimen. Thus it is possible to find and, locate 
cracks Or inclusions within the solid mass of specimen. The' 
soundness of the joint bonded by various methods can also be 
tested [27]. Straiglrt beam contact type probe having base dia- 
meter of 20 mm and 2.5 i^Qiz pulse frequency is used, 

2.3.1 Calibration of the Instrument 

The instrument is calibrated by making a test block with 
a hole at a known distance of 6 cm as shown in Rig. 22(a). The 
back echo coning from the discontinuity (hole) is set at 10 cm on 
CRT Scale of the instrument, keeping the main bang at zero position 
as shown in Rig. 22(b), Thus a distance of 6 cm is represented 
by 10 cm on CRT scale. 
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2.3*2 Surface preparation of test piece 

The surface of the test specimen must he capable of 
causing minimum attenuation of the sound waves transmitted from 
the transducer. Also the whole area of the probe base should be 
sealed over the test piece. Therefore, the upper surface of the 
welded specimen is machined by milling and surface grinding 24 mm 
flat at diametrically opposite position along the length of the 
tube-plate (Pig. 25(b)). A thin layer of oil is used as a coup- 
lant to provide a perfect acoustic coupling between the probe 
face and test piece surface. 

2.5*3 Interpretation of output signal 

The signals coming from the specimen on the CRT scale are 
intei’preted as shown in Pig. 23(a). When the centre line of the 
cylindrical probe is out of welding zone (as shown in position A), 
signal is reflected frqn the surface of the hole in the tube-plate 
as indicated by point a. positions B and C represent probe posi- 
tion in the expected welding zone, depending upon the charge 
position. When the weld is perfect, the signal is reflected from 
the inner surface of the copper tube as indicated by point b. 
However, if the weld is not sound the signal is reflected from 
the surface of the hole in the tube-plate as indicated by point c. 
Sometimes two peaks (back echos) may appear on the CRT scale 
(one from the inner surface of the copper tube and another frcan 
the surface of the hole in the tube-plate) , depending on the 
nature of flaw. At position D, the signal is reflected from the 
inner surface of the hole in the tube-plate as indicated by point d. 



29 


2.3.4 Results of tlie tests 

% 

Results of ultrasonic tests are shovm in Pigs. 24 and 
25. Distance of the centre of prohe (at an interval of 5 cim) 
from the back end of the tube-plate is plotted against readings 
of the calibrated GRl scale. Levels a’, o' and b’, d' in the 
Pigs. 24 and 25 represent signals coming from point a, c, b and 
d (Pig. 23(a)) respectively. c*’ r^resents the average reading 
when two peaks appear on the CRT scale. Explosive charge posi- 
tion is also shown in Pigs. 24 and 25. Calibration of the 
instrument is shown in Pig. 26. Pig. 27 shows signals from point 
a (Pig. 22(a)) on the CRT scale (out of welding zone). Pigures 
28 and 29 represent signals from perfectly welded surface and 
welded surface with a flaw for two different welded specimens. 

Various results obtained in this chapter are discussed 


in the next chapter. 





Tube - plate 



(a) Exptl. configuration 



(b) Charge pack 

FiG.6 VARIABLE CHARGE POSITION TEST 



Radial strain : In 
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fig. 9 TUBE WITH LONGITUOINAL CRACK ( E*pt ,no.1 ) 




Tube -plate 



ExptL configuration 

FIG. 10 VARIABLE CHARGE ! WEIGHT TESTS (Solid charge) 




28.7 


SS 



all dimensions are in mm 


(a ) T u be 



(b) Charge pack 


FIG. 10A variable CHARGE WEIGHT TESTS (SoHd charge ) 
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--Tube -plate 


1 Explosive 
P’f 

■ — X— ^ 








-L^ s;3umm (expt.rso.n 
■L^ =25mm (cxpt.no.12 

Mali. Copper 

Dia 2 8-7 mm 
Thickness 1- 75 m m 


\ 

SO 

\ 


jf X 


Distance from the back face of the tube -plate 







FIG. 15 BULGED TUBE (Expt.no 11 


FIG. 16 BULGED TUBE ( Expt . no. 12) 








■0 
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fie. 18 MULTI HOLE TUBE'-PLATE WITH VARIABLE LIGAMENT 
THICKNESS 


01-61 
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.-t=1-75 

r 


(a ) Tube 


Mat! copper 


MUer sheet buffer 


to 



mmm 



(b) Charge pack 


Explosive 
Perspex cap 

Oetonalor,^ 6S 


pit dimension are 


FIG. 19 MUlTl HOLE VARIABLE LIGAMENT THICKNESS TESTS 
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Ligament thickness, mm 
OF 

FIG. 20 VARIATION RADIAL DEFORMATION OF ADJOINING HOLE WITH 
LIGAMENT THICKNESS 
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(a) A stainless steel tube is welded in the central hol« 



A copper tube is welded in thisj cen tral holg 


FIG.2t MULTI HOLE TUBE PLATE WITH VARIABLE LIGAMENT 
THICKNESS 




FIG. 22 CALIBRATION OF ULTRASONIC FLAW DETECTOR 




FfG. 23 ARRANGEMENT FOR ULTRASONIC TESTING 
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Distance of the centre of probe from 





FIG. 27 SfGNAtS F«OM NO BOND REGION 
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(b) Wcld<zd surface with a f<aw 


28 TWO SIGNALS FRO M A TE ST PI ECE O N 


(a) Perfectly welded surface 



m. 29 



(b) Weldtd surloc^ wHh a ftbw 


TWO $r0NAlS FROM A TEST PIECE OH CRT SCAit 




Ca) Perfectly welded surf a 




CHiiPTER 3 


Discussion 03? RESULTS 

Explosive welding of tube to tube-plate is studied 
experimentally as regards tube bulging, and distortion of 
adjoining holes (or ligament distortion). The results are 
discussed in the following way s 

% 

3-1 BULGING OF UJLs 

Experiments on variable charge position tests (Table-1) 
show that no bulge occurs when the distance of the back face 
of the charge from the back end of the tube-plate L^, L^ ^ 45 
mm. For L^ = 35 mm the maximum radial strain occurs at a 
distance of 5 mm from the back end of the tube-plate. The tube 
does not show any vSign of failure. With = 25 mm, the radial 
strain is very higti (37.6x10 ) and the tube shows a longitudinal 

crack. The results of ultrasonic test (Fig. 24) show that a 
length approximately equal to the length of the explosive charge 
gets welded (except a minor flaw in Expt. No, 3) : the weld 
position is changiug with the position of the charge, even thou^ 
there is a sligjit bulge for L^ = 35 mm (Expt. JJo. 2), however 
the weld seems to be perfect. 

The effect of increasing charge weight for L^ = 25 mm and 
45 mm is recorded in Table-2. For = 25 mm the tube-opiate 
cracks (Fig. 11 ). The tubf sheared off at the back end for both 
^ the cases even thou^i for L^ = 45 mm for Expt. No. 7* By comparini 
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the results of Erpt. No.7 and Expt. E 0 . 3 , it is seen that hy 
increasing the charge wei^it from 9.25 to 23.10 gns to achieve 
welding on the whole length of the tuhe—plate the tube at the 
"bade end shears o.Cx« It is concluded that exccessive charge 
weich't which may otherwise produce tu"be velocity V. within 

u 

limit (oection l«j)«l) may cause damage to the tube and tube~ 
plate. 


The results of experiments using hollow charge varying 
frtm 12.3 to 17.3 t.'Puo are shown in Table-3. Distance L. is 

Ji. 

varied from 45 to 25 mm. Results of ultrasonic test show that 
the length of the welded portion corresponds with the length 
of the charge (Pig. 25 )• Welding on the whole length of the 

a.cA2e\/«xl 9*^ CoyrcsrfeytcLCn^ tAe, 

tube is filled with charge. However tube at the back end shows 
an exfcessive bulge with radial strain (45.3x10 5 . Radial strain 
is equally high (Pig. 14) for = 30 mm corresponding to 
wei^t of charge of 16 gns, and the test piece showed a thin 
longitudinal crack (Pig. 17). Por = 35 mm no bulge is 
observed and a fair length of the test piece gets welded (Pig. 25) 
without any flaw (Expt. No. 10). 


It is evident from the results that the charge wei^t 
and shape play a very important role in obtaining successfua 
welding, Por the present case a hollow charge of 14*8 gns 


corresponding to L^/D = 1.25 gives optimum results as regards 


bulging and welding over a length of the tube. 
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3. 2 LIGAMENT DISTORTION 

Figure 20 shows the variation of radial defonnation 
ligainent thickness for mild steel t'ube“plate for two 
tube materials (1) copper (curve-B), and (2) stainless steel 
(curve~D). Theoretical curves from equation (4) (Section 1. 5. 3) 
using following general properties of the materials are also 
plotted in the Fig. 20, 


TjffiLl'1-4 properties OF MATERIALS USED 




Properties 


Mild Steel 
(Tube-plate) 


Copper Stainless steel 
(Tube) (Tube) 


Hardness 164 ~ “ 

(VHN) 

Density - 8,9 7.8 

(gna/cm^) 

K/0 1,54 X 10“^^ 

(for VH1^145) 
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SiacD the h-rdncGG of The mild steel tube-plate is 
somewhat ,<prcator tu.n tho hardness of the tube-plate used for 
finding (K/a) [:a] used in the equation 4 (Table~4), therefore 
oxperiroent.al values 01 r:.’.dial deformation of adjoining holes 
are lower than thoureticaJ. values for all ligcioent thicknesses, 
however thoro is a. need to estiiblish K as ca universal constant. 
Yvlxkes of rGpresivala.tivG stress 
plate raatorirJ. 


o should be f .0 vni. , f Or each tube- 



CHAPTER 4 


CONOLUSIOHS Ai’!D SUGGESTIOMS FOR FURTHER WORK 
4.1 CONGltJSIONB 

Followiag conclusions nre dratfn on the "basis of experi- 
montrJ. results presented in this work ; 

(1) For welding of copper tu"be of diameter 28.7 mm raid 
thickness 1,75 mm to mil'l steel tube-plate, a hollow charge of 
14*6 gms spread over a length of 60 mm frcm idde front end, and 
leaving « 55 mm at tho back end is optimum frcm the point of 
view of minimum bulge of the tube. 

(2) Ultrasonic to^^iting technique provides a satisfactory 
method for testing the soundness of the weld. However for 
commorcicil applications thore is a need to develop a suitable 
probe wliioh will scrx* l.r-om the inside of the tube. 

(’i) The theorotJcrl analysis proposed by Williams [21] 
providtsa a reasonable catlr.’ate of ligament distortion for the 
purpose of designing, 

(4) A welded (Bxpt. No, 5) is cut into two halves 

as aliown in Fig, 50. Wold surface is cleaned and examined. It 
appears that upto a diutr-ico of 3C mm frcm the frcait end of the 
tnbe-plate no bonding occurs, aft^ that for a length of 55 mm 
weld soiiQS to appear* However there is a need to, establish die- 
ponetrant teat for (Bcaot location of flaw within the welded n , 
eor.r; of the speoimen. 
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F!G 30 A WeiOED PIECE (Expt no, 3 1 SHOWN IN TWO 
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4# 2 SUGGESTIONS I'Or? FURTHER WOjRK 

(1) There ie r. need to study fte effect of ohorge 

wel^t on tho doforc.-.tion on the bnlgine of tube and defer 

nation of tube-plate in order to estimate the limiting 
Charge* 

(2) There is r need to develop a suitable probe for 
ultrasonio toBting for oonnning inside of the tube. 
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APPBHDn-A 


oAMIP.u i*. ( A^l'ION POR CHARSE WEIGHT 
Tube imp *c velocity is given by Gurney's equation [23] 




(5) 


por cr.lGulr.ting Eg followitig procedure is adopted. 

For nitroglycuria - 

Kntiiv^v roloasod dui1.ng explosion (in terms 

of boat units) 

r: 14Q6 X 3.0^ colAg- 

Using First Inw 01 ll.urniodyna'uios, Eg oan be written as : 

Kg * 

s 4.17x1486x10^ joulosAe 
« 4.17x1406x10^ k®-m®/8eo®Ag 

and. ^ -»■■■ ■— ■ — 

^2Eg » ^2x4.17x1486x10* 

« 3520.4 m/800 

R ratio 10 orOLculctod with rof. to oharge paok. 

Big m wt, of ©xplosive/unit length 

• «/4 s (dio of explosive cha‘ ge) ^density of 

charge' 


t 3^ 1*4 • 



60 


% 




wt. of bub c/unit length 

ti X tube dia* X tube thickness x tube density 
% X gO.7 X 1.7S X 8.0 


lOo 


H 14.054 gp/cm. 




wt, of buff or /unit length 

n X buffer dia-x buffer thickness x buffer density 

n x_M .5 X g 1.2916 „ , . 

* 1,988 gp/cm. 


which gives R rnf.o ns ; 


R 




Now taking n « 0,24 and using Gurney’s equation (5) s 
• 423.92 m/aec. 

Tho effective angle of incidence p is 0(3lculated using velocity 
diagrnm for pnrallol arrnngeoent (Pig. 


-1 . 
p • tan ( fp ) 


tem*^ r= 9^38’ 


For pnrnllfO. arran,;‘<ncnt : 

. Vj, - 2500 , Vp » i: ■= ” 

- 253546 m/seo, 

and aonio velooitlea in the tube-plate and tube ares 
V. 


833? 
Therefore 


3 l 

V 


4600 m/eeo. | Vgj • 4000 a/sec. 

< 1 


2500 

TOO 


^st 




and 
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